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Disabled-1-Regulated Adhesion of Migrating
Neurons to Radial Glial Fiber Contributes to
Neuronal Positioning during Early Corticogenesis
final positions (Miyata et al., 2001; Nadarajah et al.,
2001). The somal translocation is a dominant mode of
neuronal migration in early corticogenesis when migra-
tory pathways are relatively short and the leading pro-
cesses span the entire width of the cerebral wall. In
Kamon Sanada,1 Amitabh Gupta,1
and Li-Huei Tsai1,2,*
1Department of Pathology and
2Howard Hughes Medical Institute
Harvard Medical School
contrast, at later stages of cortex formation, radially77 Avenue Louis Pasteur
migrating neurons reach their eventual positions by us-Boston, Massachusetts 02115
ing a shorter process to move along radial glial fibers
that serve as a guidance structure (Rakic, 1972; Misson
et al., 1991; Nadarajah et al., 2001). Both modes of radialSummary
migration in the developing cortex seem to be modu-
lated by a wide range of cellular events, such as cell ad-Disabled-1 regulates laminar organization in the devel-
hesion.oping mammalian brain. Although mutation of the dis-
Members of the integrin family are major cell surfaceabled-1 gene in scrambler mice results in abnormali-
receptors that mediate cell-extra cellular matrix (ECM)ties in neuronal positioning, migratory behavior linked
and cell-cell interactions, and they have been implicatedto Disabled-1 signaling is not completely understood.
in the radial migration of neurons during cortical devel-Here we show that newborn neurons in the scrambler
opment. In fact, functional blockage of3 andv integrincortex remain attached to the process of their parental
slows neuronal migration along radial glia in vitro (Antonradial glia during the entire course of radial migration,
et al., 1999). Furthermore, targeted mutation of the 3whereas wild-type neurons detach from the glial fiber
gene results in abnormal cortical layering, and in vitroin the later stage of migration. This abnormal neuronal-
analysis shows a switch in adhesive preference as 3glial adhesion is highly linked to the positional abnor-
integrin-deficient neurons adhere to other neurons rathermality of scrambler neurons and depends intrinsically
than to glial cells in cultured aggregates (Anton et al.,on Disabled-1 Tyr220 and Tyr232, potential phosphory-
1999). Together, these results suggest that 3 and vlation sites during corticogenesis. Importantly, phos-
integrins play important roles in neuronal migrationphorylation at those sites regulates 3 integrin levels,
along radial glia during corticogenesis.which is critical for the timely detachment of migrating
In addition to the integrin family members, a numberneurons from radial glia. Altogether, these results out-
of genes have been identified as essential componentsline the molecular mechanism by which Disabled-1
in neuronal migration. Disabled-1 (Dab1), a cytosolicsignaling controls the adhesive property of neurons
adaptor protein, was originally identified as a Src bindingto radial glia, thereby maintaining proper neuronal po-
protein (Howell et al., 1997a). Dab1 mutant mice, includ-sitioning during corticogenesis.
ing the spontaneous scrambler and yotari mice as well
as the engineered dab1-deficient mice, show failure ofIntroduction
preplate splitting and an approximately inverted laminar
structure of the CP in which early-born and later-bornThe development of layered structures in the mamma-
neurons are located at superficial and deeper positions,lian brain requires a series of well-orchestrated position-
respectively (Howell et al., 1997b; Sheldon et al., 1997;ing events of cohorts of neurons, which migrate from
Ware et al., 1997). Interestingly, two mutant mice, thethe germinal ventricular zone (VZ) in the radial direction
reeler mice, which are defective for Reelin, a large extra-
toward the pial surface. In the mouse cerebral cortex,
cellular matrix protein (D’Arcangelo et al., 1995; Ogawa
the earliest cortical neurons emerge at embryonic day
et al., 1995), and the mice doubly mutated in the Reelin
10.5–11.5 and form the preplate just beneath the pia. A receptors Apolipoprotein E receptor-2 (ApoER2) and very
second cohort of neurons then splits the preplate into low-density lipoprotein receptor (VLDLR) (D’Arcangelo et
a superficial marginal zone (MZ) and a deeper subplate al., 1999; Hiesberger et al., 1999; Trommsdorff et al., 1999)
(SP) to form the cortical plate (CP) in between. Subse- show a disorganization of cortical lamination that is
quent cohorts of neurons migrate past their predeces- essentially identical to that seen in Dab1 mutant mice
sors to take more superficial positions in the CP, which (reviewed in Rakic and Caviness, 1995; Walsh and Goffi-
results in the progressive and systematic “inside-out” net, 2000; Rice and Curran, 2001). These findings have
patterning of cerebral cortical lamination. placed Reelin, ApoER2, VLDLR, and Dab1 into a com-
Recent in vivo lineage analyses conducted with retro- mon signaling pathway. In addition, the cytoplasmic
virus encoding green fluorescent protein (GFP) have domains of the receptors bind to Dab1, and Reelin in-
shown that cortical neurons are generated from radial duces tyrosine phosphorylation of Dab1 through these
glial cells in the VZ (Malatesta et al., 2000; Noctor et al., receptors (Hiesberger et al., 1999; Howell et al., 1999a).
2001). In early corticogenesis, these newborn neurons Importantly, the essential role of tyrosine phosphoryla-
possess a long radially oriented process that reaches tion for Dab1 function was highlighted when knockin
into the preplate, allowing them to move by “somal mice that express Dab1 mutated in five potential tyro-
translocation” along their processes from the VZ to their sine phosphorylation sites phenocopied the Dab1 null
mutant (Howell et al., 2000).
Even though genetic and biochemical studies show*Correspondence: li-huei_tsai@hms.harvard.edu
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that Dab1 is important for the precise cell positioning the upper region of the cell-sparse zone, the endfeet
of the leading process infiltrated the PPZ and movedand laminar formation, there has been virtually no inves-
tigation conducted as to how Dab1 and its tyrosine radially toward the pial surface. The cell soma subse-
quently advanced radially toward the PPZ (Figures 1Bphosphorylation are linked to the cellular behavior of
individual neurons in vivo during neuronal migration and and 1C; see also Movie S2 in the Supplemental Data
at http://www.neuron.org/cgi/content/full/42/2/197/positioning. We have employed time-lapse imaging of
dye-labeled neurons in cerebral cortical slices and also DC1). The average velocity of scm/scm cells in the initial
phase (in which neurons showed somal translocation-performed clonal analyses using GFP-retrovirus in order
to dissect abnormalities of such cellular behavior of indi- like motion; see Figures 1B and 1C) and later phase
(which represents the time period from the onset ofvidual neurons in the cortex of dab1-deficient scrambler
mice. We show here that scrambler neurons in the cere- infiltration of the leading process into the PPZ to the
termination of somal movement) were 9.3  0.9 m/hrbral cortex exhibit an abnormal mode and tempo of
radial migration, which is associated with an impaired (n  10) and 6.6  0.6 m/hr (n  10), respectively. As
expected, almost all scm/scm neurons did not reach adetachment from clonally related radial glial cells. This
abnormal neuronal-glial adhesion is highly linked to the position high within the PPZ but instead terminated their
radial migration just below the PPZ (22 out of 26 cells).positional defect in the scrambler mouse. Notably, glial
detachment depends on 3 integrin signaling that is Altogether, these observations indicate that scm/scm
and wild-type neurons move with distinct modes of ra-regulated by the phosphorylation state of Dab1 residues
Tyr220 and Tyr232. Hence, the present study estab- dial migration, which accompanies the known difference
of cell positioning in their respective neocortices andlishes a functional link between Dab1 phosphorylation
and 3 integrin signaling that drives the timely detach- suggest that the deviation of scrambler neurons from
normal neuronal migration was especially pronouncedment of migrating neurons from radial glial fibers, which
poses a likely requirement for preplate splitting and in the later phase of their radial migration.
proper cortical lamination.
Abnormal Association of Scrambler Neurons
with Radial Glial FiberResults
In an early electron microscopical analysis of the E17
reeler neocortex (Pinto-Lord et al., 1982), postmigratoryPattern of Neuronal Migration
in the Scrambler Neocortex neurons more closely associated with radial glial fibers
than wild-type neurons. Taking into consideration thisTo determine how Dab1 affects the mode and tempo
of neuronal migration in vivo, E13.5 brain slices were reeler phenotype at the later stages of corticogenesis,
the distinct modes of radial migration of wild-type andderived from both wild-type and dab1-deficient scram-
bler embryos and subsequently labeled with Oregon scm/scm neurons (Figure 1) led us to hypothesize that
these neurons may show differential properties of adhe-Green BAPTA AM to visualize the migrating cells in the
cortex. In wild-type cortical slices, dye-labeled cells that sion to radial glia. To test this possibility, we conducted
a clonal analysis to examine the spatial relationship be-moved in the radial direction had a long radially oriented
process that terminated in the preplate zone (PPZ). The tween migrating neuronal progeny and the fiber of its
clonally related mother radial glial cell at an early stagecell soma advanced toward the PPZ along the leading
process, with the endfeet of the leading process re- of cortical development.
GFP-retrovirus was introduced in utero into the ventri-maining in a fixed position in the PPZ (Figure 1A; see
also Movie S1 in the Supplemental Data at http:// cles of E12 embryos, with an emphasis placed on using
appropriately diluted GFP-retrovirus to clearly discrimi-www.neuron.org/cgi/content/full/42/2/197/DC1). As ex-
pected, the cell soma finally reached the upper position nate the individual radial units composed of clonally
related cells (Figure 2E). Twenty-four hours after E12within the PPZ, with an average migration velocity of
14.1  2.6 m/hr (n  10). These observations are con- wild-type embryos were infected with GFP-retrovirus
(Figure 2A), GFP-labeled cells showed radial glial mor-sistent with the previous finding that radially migrating
cells in E13–E14 cortical slices dominantly use this mode phology, as indicated by a long pia-associated ascending
process, a process descending to the ventricular surface,of radial migration, known as somal translocation (Na-
darajah et al., 2001). and a cell body located in the VZ. Some radial units com-
prised two cells located closely to each other in the VZ,In contrast, in scrambler homozygous (scm/scm) cor-
tical slices derived from E13.5 embryos, neurons mi- with one being a radial glia-like cell and the other being
closely apposed to the radial fiber. Immunoreactivity ofgrated in the radial direction differently. Radially migrat-
ing cells located at the lower region of the cell-sparse these cells to Nestin (Figures 2F and 2G), a marker of
neuronal precursors and newborn neurons (Miyata etzone did also show a relatively long leading process
(Figures 1B and 1C). Unlike translocating cells in wild- al., 2001), together with the observation that radial glia
are selectively infected by retrovirus (Noctor et al., 2001,type cortical slices, however, the endfeet of the radially
directed process appeared to terminate in the boundary 2002), indicate that the GFP-labeled cells in the VZ were
radial glial cells or their neuronal progeny. Around 30region between the PPZ and the cell-sparse zone, short
of the position seen with their wild-type counterpart. As hr after infection (Figure 2C), some radial units were
composed of a radial glial cell and a GFP-labeled cellthe cell soma advanced to the PPZ along its leading
process, the terminus of the leading process remained located in the cell-sparse zone that had a long ascending
process reaching into the PPZ. The morphology of thefixed at the same position. At a later phase of radial
migration, however, when the cell soma was located in cells in the cell-sparse zone resembled that of the trans-
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Figure 1. Scrambler Neurons in E13.5 Cortical Slice Show an Abnormal Mode of Radial Migration
Time-lapse video sequences represent the mode of neuronal migration in wild-type (A) and scm/scm (B and C) cortical slices derived from
E13.5 embryos. Time is denoted in the bottom left corner. Asterisks indicate the position of the cell soma. Arrowheads indicate the distal end
of the leading process. PPZ, preplate zone; VZ, ventricular zone. Scale bars, 20 m.
locating cells observed in slice culture, and the majority with multiple processes and a cell body in the lower cell
sparse zone (now IZ), and (3) cells which were locatedof these cells (51 out of 55 radial clonal units) were
seemingly in contact with the fiber of their mother radial near or within the CP. The cells near or within the CP
had a radially oriented process and showed immunore-glia. This may suggest that somal translocating neurons
move along their parental radial glial fibers during the activity to Tuj1, an early neuronal marker (Figures 2D
and 2H). In addition, the majority (99 out of 100 cells) ofinitial phase of their migration. Forty-eight hours after
infection (Figures 2D and 3A), radial clusters of labeled GFP-positive cells around the CP showed no immunore-
activity to calbindin, a marker for migrating GABAergiccells were observed, and the clones comprised (1) a
radial glia-like cell with a cell body in the VZ, (2) cells interneurons from the ganglionic eminence, suggesting
Neuron
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Figure 2. Wild-Type Radial Clonal Units 24–48 Hr after GFP-Retroviral Infection
(A–E) GFP-retrovirus was introduced into embryos at E12, and brains were fixed at the indicated times after infection. Then, frozen sections
were subjected to immunohistochemistry with anti-GFP antibody (green). The typical appearance of radial clonal units 24 hr (A and B), 36 hr
(C), or 48 hr (D and E) after infection is shown. Twenty-four hours after infection, clonal cells in the VZ express Nestin, a neuronal progenitor
cell marker (F and G). Forty-eight hours after infection, clonal cells in the CP express the early neuronal marker Tuj1 (H) but do not express
calbindin (I), a marker for GABAergic interneurons that migrate from the ganglionic eminence. In (I), radially and tangentially oriented calbindin-
positive neurons are indicated by white and blue arrowheads, respectively. CP, cortical plate; IZ, intermediate zone; VZ, ventricular zone; LV,
lateral ventricle; PPZ, preplate zone. Scale bars, 20 m in (A), 8.8 m in (F)–(I).
that these cells were not tangentially migrating cells than that in the wild-type (p value  0.0001, one-way
ANOVA). In addition, the majority of early GFP-labeled(Figure 2I).
To compare the relationship between migrating neu- scm/scm neurons were located not throughout the CP
but in the lower CP or just below the CP (see also Figurerons and radial glia in wild-type and scm/scm neocorti-
ces, we focused on GFP-labeled neurons that were lo- 6C). Altogether, these results indicate that the neuronal-
glial interaction in the scrambler neocortex is abnormallycated near or within the CP (termed as early GFP-labeled
neuron, see Figure 2D) because these neurons showed modified in the region around the CP.
a morphology similar to the dye-labeled cells of the later
phase of radial migration in E13.5 cortical slices (Figure Abnormal Adhesion between Neurons and Radial
Glia in the Scrambler Neocortex1). As shown in Figure 3, early GFP-labeled neurons
located within the wild-type CP area were seen at vari- Is Mediated by 3 Integrin
The abnormally close contact of scm/scm neurons withous distances (average distance: 16.3  1.2 m, n 
55, 6 embryos) apart from the radial fiber of their mother their mother radial glia suggested a possible upregula-
tion of cell adhesion molecules in the radially migratingradial glia (Figures 3A and 3C). In the scm/scm neocor-
tex, overall morphological features of radial clones were neurons. Among the many cell adhesion molecules, 3
integrin is expressed predominantly in radially migratingindistinguishable from those of wild-type clones (Figure
3B). However, in contrast to wild-type neurons, early neurons and appears to play an important role in neu-
ronal migration along radial glial fibers during the laterGFP-labeled scm/scm neurons were located in close
proximity to the radial process of their clonally related stages of corticogenesis (Anton et al., 1999). Hence, to
investigate a possible difference of 3 integrin distribu-radial glia. The average distance between these neurons
and the radial glial fibers in the scm/scm neocortex was tion between the neocortices of wild-type and scrambler
mice, we performed an immunohistochemical analysis6.9  0.5 m (n  54, 4 embryos), significantly lower
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Figure 3. Scrambler Neurons Show Close Apposition to the Fiber of Their Parental Radial Glia
GFP-retrovirus was introduced to wild-type (A) or scm/scm (B) embryos at E12, and brains were fixed 48 hr after infection. Then, frozen
sections were subjected to immunohistochemistry with anti-GFP antibody. Representative images of radial clonal units are shown. Vertical
lines in individual images represent position of the CP. VZ, ventricular zone. Scale bar, 20 m. (C) Optical sections (1 m apart) were taken
through a volume of a radial clonal unit. The shortest distance between the centroid position of an early GFP-labeled neuron, which is located
within or near the CP, and the fiber of the radial glial cell (RGF) of each radial clonal unit was calculated by Delta Vision deconvolution-imaging
system software and then plotted (closed circles). Average distance (open circles) is presented as the mean  SEM. ***p  0.001 (one-way
ANOVA). CP, cortical plate. Scale bar, 20 m.
of 3 integrin expression in wild-type and scm/scm neo- in migratory neurons (Anton et al., 1999). These findings
suggested that 3 integrin may be downregulated in thecortices. In the E15 wild-type neocortex, 3 integrin was
highly expressed in the IZ, where migratory neurons are wild-type CP but not in the scm/scm CP. Alternatively,
the subcellular localization of 3 integrin may be affectedmostly located, while in the upper CP the immunoreac-
tivity to 3 integrin was fairly low (Figures 4A, 4B, 4E, in CP neurons of the scm/scm neocortex. To distinguish
between these possibilities, we performed immunoblot-and 4F). In the scm/scm neocortex, however, both the IZ
and CP exhibited strong immunoreactivity to 3 integrin ting using cortical lysates. As shown in Figure 4I, expres-
sion levels of 3 integrin were increased in the scm/scm(Figures 4C, 4D, 4G, and 4H). In addition, similar images
were obtained with a different 3 integrin antibody neocortex compared to the wild-type neocortex. Hence,
it appears that migrating neurons in the wild-type neo-(Ralph3-1, Hybridoma Bank; data not shown) that was
used previously to show the expression of 3 integrin cortex downregulate their 3 integrin levels when they
Neuron
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Figure 4. 3 Integrin Is Not Downregulated in the scrambler Cortical Plate
Vibratome sections (40 m thickness) derived from E15 wild-type (A, B, E, and F) or scm/scm (C, D, G, and H) brains were subjected to
immunostaining with anti-3 integrin antibody ([A, C, E, and G]; green) followed by nuclei staining ([B, D, F, and H]; red). Representative
images are shown. Panels (E) and (G) are high-magnification images of panels (A) and (C), respectively. (I) Cortical lysates (20 g of protein)
prepared from E15 wild-type (/) and scm/scm embryos were subjected to immunoblotting with anti-3 integrin antibody (upper panel),
anti-Dab1 antibody (middle panel), and anti-actin antibody (lower panel). The band densities of 3 integrin were then quantified, and the
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approach the MZ, which may reduce their adhesive lated radial glial fiber (average distance: 7.1  1.4 m,
n  22; Figure 5). This finding indicates that tyrosineproperties to radial glia.
phosphorylation of Dab1 is essential for its function toTo examine whether 3 integrin contributes to the
regulate detachment from radial glia, which agrees withabnormal neuronal-glial interaction in the scm/scm neo-
the previously reported observation that the 5YF mutantcortex, we inhibited 3 integrin function during neuronal
Dab1 knock-in mouse shows brain malformations thatmigration in the scm/scm cortical slice culture. When a
are similar to the scrambler and dab1 null mutant micefunction-blocking antibody specific to 3 integrin
(Howell et al., 2000). Next, we focused on tyrosine resi-(Ralph3-1 mAb) was used (Anton et al., 1999), we ob-
dues 198, 220 (Keshvara et al., 2001), and 232 (Ballif etserved that GFP-labeled neurons were no longer closely
al., 2004) because these residues are Reelin-inducedapposed to their parental radial glial fibers in the scm/
tyrosine phosphorylation sites in cultured cortical neu-scm cortical slice (average distance: 14.0 1.6 m, n
rons. We thus generated Dab1 constructs with single31, 6 slices from 3 embryos; Figures 4J and 4K). In
mutations at tyrosine residues 198, 220, and 232 (termedcontrast, treatment of scm/scm cortical slices with a
Y198F mutant, Y220F mutant, and Y232F mutant, re-control antibody did not induce such detachment of
spectively). When we introduced the Y198F mutant intomigrating neurons from parental radial glial fibers (aver-
the scm/scm cortex, the abnormality in neuronal-glialage distance: 4.9  0.6 m, n  15, 4 slices from 3
interaction was rescued (Figure 5). This abnormality, how-embryos; Figures 4J and 4K). These results indicate that
ever, was not rescued by the Y220F or Y232F mutant,the abnormal neuronal-glial interaction in the scm/scm
indicating that phosphorylation of tyrosine residues 220neocortex is mediated, at least in part, by 3 integrin.
and 232 are necessary for the ability of Dab1 to release
neurons from their attachment to radial glial fibers.A Specific Tyr Residue in Dab1 Is Required
Subsequently, we examined the possibility that thefor the Detachment of Neurons
Y220F and Y232F mutants of Dab1 act as dominant-from the Radial Glial Fiber
negative molecules with regard to the detachment ofThe results from the clonal analysis and the abnormal
neurons from radial glial fibers. As shown in Figure 6A,expression of 3 integrin in the scm/scm neocortex
early GFP-labeled neurons expressing either the Y220Fstrongly argued that Dab1 signaling plays an important
or the Y232F mutant showed abnormal neuronal-glialrole in the control of adhesion between neurons and
interaction in the wild-type cortex (average distance:radial glial fibers. To investigate whether this role is
6.4 0.8 m and 7.6 0.5 m, respectively; Figure 6B).
of a cell-autonomous nature, we introduced wild-type
Together with the fact that a Dab1-deficient environment
Dab1 into the scm/scm cortex by using a retroviral vec-
has no effect on the detachment of Dab1-expressing
tor that encodes wild-type Dab1-IRES-GFP. As shown in neurons from radial glial fibers, the findings with the
Figure 5, overall morphological features of radial clones mutant Dab1 constructs not only confirm a cell-intrinsic
expressing Dab1 and GFP were indistinguishable from function of Dab1 for the control of neuronal-glial interac-
those of wild-type and scm/scm neurons. In contrast to tion but importantly point to tyrosine residues 220 and
scm/scm neurons in the scm/scm cortex, Dab1-intro- 232 as being essential phosphorylation sites in the regu-
duced neurons in the scm/scm cortex were located at lation of this process.
various distances apart from the fiber of their respective When we carefully analyzed the distribution of early
mother radial glial cell (average distance: 16.6  2.1 GFP-labeled neurons (see Figure 6D; groups I and II), a
m, n  28; Figure 5). These results suggest that Dab1 large population (68.5%, n  55) of wild-type neurons
functions in a cell-autonomous fashion with respect to in the wild-type cortex was located within the CP (group
proper neuronal-glial adhesion. I). In contrast, in the scm/scm cortex, only 14.8% of
Previous studies have demonstrated that Dab1 is tyro- scm/scm neurons (n  54) were situated in group I,
sine phosphorylated during brain development and that which is consistent with previous ideas that scm/scm
tyrosine phosphorylation is indispensable for Dab1 neurons cannot bypass predecessors. When wild-type
function (Howell et al., 2000). Potential phosphorylation Dab1 was introduced into the scm/scm cortex, neurons
sites have been identified at tyrosine residues 185, 198, expressing wild-type Dab1 migrated into the CP quite
200, 220, and 232 (Howell et al., 2000). To evaluate which normally, despite the mutant environment they were fac-
tyrosine residue(s) are responsible for the detachment ing, with 62% of early GFP-labeled neurons (n  28)
of neurons from radial glial fibers, we first generated being observed within the CP (Figure 6C). On the other
dab1 that contained phenylalanine substitutions at hand, early GFP-labeled neurons that expressed the
these five tyrosine residues (termed as 5YF mutant) and Y220F and Y232F mutants in the scm/scm cortex
the 5YF mutant gene together with GFP into the scm/ showed positional defects similar to those encountered
scm cortex. Early GFP-labeled neurons expressing the by scm/scm neurons in the scm/scm cortex (Figure 6C).
5YF mutant showed a phenotype similar to scm/scm These observations indicate that the infiltration of corti-
cal neurons into the CP requires an important cell-auton-neurons, as they were closely apposed to clonally re-
amounts of 3 integrin in the scm/scm cortex were shown in values (mean  SEM, n  2; right panel) relative to those in wild-type. The data
are representative results of three independent experiments with similar outcome. (J and K) Acute cortical slices were prepared from E13.5
scm/scm embryos after infection of GFP-retrovirus at E12 and treated with function-blocking anti-3 integrin antibody or control mAb for 18
hr. The distance between an early GFP-labeled neuron and the radial glial fiber of each radial clonal unit was measured and plotted (J) as in
Figure 3. Representative images are shown in (K) (green; GFP-labeled migrating neurons and radial glial fibers, blue; nuclei staining). Scale
bars, 20 m.
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Figure 5. Tyr220 and Tyr230 of Dab1 Are Necessary for the Detachment of Neurons from the Radial Glial Fiber
Retrovirus encoding GFP together with either wild-type Dab1 or mutant Dab1 was introduced into scm/scm embryos at E12, and brains were
fixed 48 hr after infection, followed by immunohistochemistry with anti-GFP antibody. (A) Representative images of the spatial relationship
between an early GFP-labeled neuron and the radial glial fiber of each radial unit are shown, with the expressed Dab1 protein indicated. CP,
cortical plate. Radial glial fibers are indicated by arrowheads. Scale bar, 20 m. (B) Distance between an early GFP-labeled neuron and the
radial glial fiber of each radial clonal unit was measured (3 embryos for wild-type, 5YF, Y220F, and Y198F, 4 embryos for Y232F) and plotted
as in Figure 3.
omous feature of Dab1 that depends highly on its phos- function of Dab1 but also some cell-non-autonomous
function governed by the environment that surroundsphorylation at tyrosine residues 220 and 232. However,
when the 5YF, Y220F, and Y232F mutants were intro- the migrating neurons.
duced into the wild-type cortex, a slightly but signifi-
cantly larger population of early GFP-labeled neurons Interaction of Dab1 and 3 Integrin Signaling
in Migrating Neuronsmigrated into the CP (Figure 6C) as compared to scm/
scm or Y220F/Y232F mutant-expressing neurons in the The experiment with the function-blocking antibody
against 3 integrin (Figure 4) and the clonal analysis ofmutant environment. Hence, the correct positioning of
cortical neurons requires not only a cell-autonomous the Dab1 phosphorylation mutants (Figures 5 and 6)
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Figure 6. Proper Positioning of Migrating Neurons Requires Intrinsic Dab1
(A) Retrovirus encoding GFP together with Y220F Dab1, Y232F Dab1, or wild-type Dab1 was introduced into wild-type (/) embryos at E12,
and brains were fixed 48 hr after infection, followed by immunohistochemistry with anti-GFP antibody. CP, cortical plate. Scale bar, 20 m.
(B) The distance between an early GFP-labeled neuron and the radial glial fiber of each radial clonal unit was measured (3, 5, and 4 embryos
for Y220F, Y232F, and wild-type, respectively) as in Figure 3. (C) Retrovirus encoding GFP alone () or together with either wild-type Dab1
(WT) or mutant Dab1 (5YF, Y220F or Y232F) was introduced into wild-type (/) or scm/scm (scm) embryos at E12, and brains were fixed
48 hr after infection, followed by immunohistochemistry with anti-GFP antibody. For the positional analysis of early GFP-labeled neurons
within their radial clonal units, these neurons were placed into two groups: group I denotes neurons which have their cell somata residing
in the CP, and group II encompasses neurons which have their cell somata located at the boundary region between the CP and IZ or just
below the CP. (See illustration in [D]. Closed circles in [D] represent the cell somata of early GFP-labeled neurons in the radial clonal units.)
Then, the percentage of early GFP-labeled neurons belonging to group I is plotted as the mean  SEM. **p  0.03 (one-way ANOVA). n.s.,
not significant at p  0.1 (one-way ANOVA). MZ/SPP, marginal zone (for wild-type) or super plate (for scm/scm).
raised the notion of a functional linkage between Dab1 ures 7A and 7B). This result demonstrates a robust cellu-
lar interaction between Dab1 signaling and 3 integrinphosphorylation and 3 integrin-mediated adhesion. To
more closely examine such a possibility, we introduced in vivo.
We then examined whether upregulation of 3 integrinwild-type Dab1, Y220F mutant, or Y232F mutant to-
gether with GFP into the wild-type cortex, using electro- in mutant Dab1-expressing neurons actually contributes
to their increased abnormal neuronal-glial interaction.poration to achieve efficient transfection, and compared
the 3 integrin levels in GFP-labeled neurons. As shown To this end, we generated a DNA-based RNAi vector
that produces double-stranded small interfering RNAsin Figure 7A, GFP-labeled neurons in the CP that ex-
pressed either the Y220F or the Y232F mutant showed (Sui et al., 2002) to knock down 3 integrin protein levels
in mammalian cells. When the RNAi plasmid (pBS-U6-abnormally high immunoreactivity to 3 integrin, whereas
no or significantly lower immunoreactivity was observed VLA3) was cotransfected with a 3 integrin-expressing
plasmid in HEK293 cells, 3 integrin levels were sub-in GFP-labeled neurons expressing wild-type Dab1 (Fig-
Neuron
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stantially reduced as compared to control plasmid (pBS- tween these cells during neuronal radial migration. Using
this method, we demonstrate that early-born scm/scmU6; Figure 7C and Supplemental Figure S1 at http://
www.neuron.org/cgi/content/full/42/2/197/DC1). On the neurons maintain contact with the radial fiber of their
clonally related radial glia throughout their radial migra-other hand, the RNAi plasmid gave no silencing effect
on the levels of dynein intermediate chain (Figure 7C), tion, while wild-type neurons detach from it on their
way to the pial surface. The abnormal neuronal-glialfocal adhesion kinase, or actin (data not shown). There-
after, we developed an in vivo clonal analysis method adhesion of scm/scm neurons nicely accounts for the
disorganized migration of scm/scm neurons in the termi-that allowed us to trace migrating neurons in which 3
integrin levels were knocked down by RNAi. In essence, nal phase of their radial migration because well-regu-
lated cell-cell and cell-ECM adhesions are likely requiredthe wild-type cortex was electroporated with the 3
integrin-RNAi plasmid together with a DsRed2-express- for proper neuronal migration. Indeed, we demonstrate
that the gliophilic adhesive property of scm/scm neu-ing plasmid to mark transfected cells, followed by infec-
tion with a retrovirus that expressed the Y220F mutant rons is mediated by 3 integrin, which is consistent
with the upregulation of 3 integrin in the scm/scm CP.and GFP. Early GFP-labeled neurons that only ex-
pressed the Y220F mutant (DsRed2-negative) were Specifically, we show that tyrosine residues 220 and
232 of Dab1 are necessary for the migrating neurons toclosely apposed to clonally related radial glial fibers
(average distance: 4.9  0.8; Figures 7D and 7E). How- (1) properly regulate 3 integrin around the CP, (2) timely
reduce their adhesion to radial glia, and (3) bypass theirever this abnormal neuronal-glial interaction was res-
cued when early GFP-labeled neurons also expressed predecessors. Based on our findings, we propose a
model in which Tyr220 and Tyr232 phosphorylation ofDsRed2 (average distance: 17.3  3.0; Figures 7D and
7E). These findings strongly suggest that Tyr-phosphor- Dab1 fine tunes the adhesive property of the migrating
neurons, at least in part through regulation of 3 integrinylation-dependent Dab1 signaling is functionally linked
to the regulation of 3 integrin-mediated adhesion and levels, to regulate neuronal-glial interaction and achieve
proper neuronal positioning during radial migration. Itthat this link governs the detachment of migrating neu-
rons from their mother glia. is possible that the trigger for Dab1 phosphorylation
constitutes the Reelin signal, but this remains to be elu-
cidated.Discussion
In reeler and scrambler mice, the preplate is formed at Dab1 Has an Important Role in Neuronal-Glial
Interaction that Is Closely Linkedthe proper position in the embryonic brain. However,
subsequent cohorts of neurons are unable to bypass to Neuronal Positioning
Previous study on reeler mice showed that the earliesttheir predecessors (Caviness, 1982; Ogawa et al., 1995;
Sheppard and Pearlman, 1997) and, thus, accumulate cortical neurons of the preplate are misoriented (J. Cran-
dall and V.S. Caviness, Jr., 1991, Soc. Neurosci, ab-below the preplate to establish a disorganized and ap-
proximately inverted cortical plate. To date, little is stract), and in vitro aggregation assays demonstrated
that early generated (E12) cortical cells in reeler miceknown about abnormalities in the migratory cellular be-
havior in mutant mice, particularly in vivo. The present are more adhesive to each other than their wild-type
counterparts (Hoffarth et al., 1995). These observationsstudy makes an effort toward attaining such knowledge
by using the GFP-retrovirus gene transfer method to led to the notion that increased homotypic adhesion
among preplate neurons could make them impermissiblemark clonally related cells in the neocortex. Considering
the recent finding that proliferative radial glia generate to the passage of the later-born neurons, which could
explain the failure of preplate splitting in reeler mice (Hof-neurons (Noctor et al., 2001), this method allowed us to
visualize radial glial cells with their migrating progeny farth et al., 1995). However, considering our clonal analy-
sis, where early-born scm/scm neurons were shown toand to understand the spatiotemporal relationship be-
Figure 7. Cellular Linkage between Dab1 and 3 Integrin
(A) Dab1(wild-type)-, Dab1(Y220F)-, or Dab1(Y232F)-IRES-GFP was electroporated into wild-type embryos at E13. Brains were fixed 72 hr
after electroporation and subjected to immunohistochemistry with anti-GFP and anti-3 integrin antibodies. (B) 3 integrin levels from Y220F
and Y232F mutant expressing neurons are shown relative to the 3 integrin levels from wild-type Dab1-expressing neurons. Comparison was
focused on GFP-positive neurons located in the CP. 3 integrin immunoreactivity was quantified using Zeiss confocal microscope software.
To account for variations in immunofluorescence, the 3 integrin signal intensity for each GFP-positive neuron was divided by its cellular area
and normalized to the background signal intensity obtained from a region in the CP that did not show any GFP signal. Data are shown as
the mean  SEM (n, number of neurons from 3–4 embryos; ***p  0.0001, one-way ANOVA). (C) HEK293T cells were cultured in wells of 12-
well plates and transiently transfected with various combinations of the mouse 3 integrin-expressing plasmid (0.5 g), the 3 integrin-RNAi
plasmid (pBS-U6-VLA3, 2.0 g) and the control plasmid (pBS-U6, 2.0 g), as indicated. Forty-eight hours after transfection, cells were lysed,
and the cell lysate (10 g proteins) was subjected to immunoblotting with the anti-3 integrin antibody (top panel) and the anti-dynein
intermediate chain (DIC) antibody (middle). The band densities of 3 integrin from cells transfected with the pBS-U6-VLA3 and 3 integrin
plasmids were then quantified and shown as values (mean  SEM, n  2; bottom) relative to those from cells transfected with the pBS-U6
and 3 integrin plasmids. (D) E12 embryos were cotransfected with the DsRed2-expressing plasmid and the 3 integrin-RNAi plasmid using
electroporation and then infected with a retrovirus encoding GFP together with Y220F Dab1. The brains were fixed at E14, followed by
immunohistochemistry with anti-GFP (green) antibodies. A GFP/DsRed2 neuron (lower panels) that only expresses the Y220F mutant is
closely apposed to its clonally related radial glial fiber, whereas a GFP/DsRed2 neuron (upper panels) that is transfected with the RNAi
plasmid detaches from its mother glia. (E) The distance between a radial glial fiber and either a GFP/DsRed2 or a GFP/DsRed2 neuron
of each respective radial clonal unit was measured (four embryos) and plotted as in Figure 3. Scale bars, 20 m.
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remain attached to their parental radial fibers throughout cyclin-dependent kinase 5 signaling also regulates neu-
their radial migration, the present study raises an alter- ronal migration (reviewed in Gupta et al., 2002). We have
native possibility: the positional abnormality may be recently found an impairment of neuronal-glial interac-
caused in part by an extensive adhesion between radial tion in radially migrating neurons in the p35-deficient
glial fibers and preplate neurons because of the defi- neocortex (Gupta et al., 2003) that exhibits an approxi-
ciency in Dab1 signaling in preplate neurons (Hammond mately inverted laminar structure of the CP. In conjunc-
et al., 2001). Moreover, our imaging analysis shows that tion with the present results, these observations suggest
the leading processes of migrating scm/scm neurons that proper spatiotemporal regulation of neuronal-glial
do not reach into the preplate zone, but instead end interaction is a principal requirement for the inside-out
underneath it, when radial migration commences at laminated structure of the cerebral cortex.
E13.5. This abnormality is a cell-autonomous deficiency
of Dab1 signaling in migrating scm/scm neurons (Sup- Molecular Function of Dab1 Is Linked
plemental Figure S2 at http://www.neuron.org/cgi/ to Tyrosine 220/232 and Downregulation
content/full/42/2/197/DC1). In contrast, almost all mi- of Adhesion Molecules
grating neurons in the wild-type cortex have their long In the present study, we demonstrate that tyrosine resi-
leading processes reaching deep into the preplate zone dues 220 and 232 are critical sites for the ability of Dab1
when beginning their journey in the radial direction (Na- to induce detachment of neurons from radial glial fibers.
darajah et al., 2001). It is therefore conceivable that, by Since Tyr220 (Keshvara et al., 2001) and Tyr232 (Ballif
activating the Dab1-mediated signaling pathway in the et al., 2004) are sites of Reelin-induced phosphorylation
migrating neurons, Reelin instructs the endfeet of the in the cortical neuronal culture, it is likely that Reelin-
leading processes to move into the preplate zone to Dab1 signaling regulates adhesion molecules such as
target them to certain substrates. Rigid ECM binding 3	1 integrin in migrating neurons and that downregula-
to cell adhesion molecules in the front of lamellipodia tion of 3	1 integrin is important for the radial detach-
generates traction force and enables the cell to pull itself ment of neurons as they migrate closer toward the MZ.
forward (reviewed in Sheetz et al., 1998). Hence, a loss It is known that 3	1 integrin-mediated signaling regu-
of precise targeting of the leading process to its sub- lates other integrin receptor functions (Hodivala-Dilke et
strates in the preplate may result in a reduction of trac- al., 1998). Hence, our data do not exclude that additional
tion force, which might ultimately impair the ability of adhesion molecules contribute to the regulation of
dab1-deficient neurons to infiltrate the preplate. Dab1-mediated neuronal-glial interaction. Notably, tyro-
In addition to the failure in preplate splitting, reeler and sine phosphorylation of Dab1 is induced by the direct
scrambler mice are also characterized by the inverted binding of Reelin to VLDLR and ApoER2 (Hiesberger et
layering of neurons in the CP. As described above, early- al., 1999; Howell et al., 1999a) but not to 3	1 integrin
born scm/scm neurons are unable to detach from their (Dulabon et al., 2000). This suggests that Dab1-depen-
parental radial glial fibers that act as a guide for later- dent neuronal detachment from radial glia is likely initi-
generated migratory cells. Introduction of wild-type Dab1 ated by Reelin-VLDLR/ApoER2 signaling and not by
into the scm/scm cortical neurons rescues the abnormal
Reelin-3	1 integrin signaling.
neuronal-glial interaction as well as the positional defect
Reelin-induced tyrosine-phosphorylation of Dab1 is
of scm/scm neurons. This finding indicates that a cell-
believed to be catalyzed by Src family tyrosine kinases
autonomous function of Dab1 is required for the detach-
such as Fyn and Src (Arnaud et al., 2003; Bock and Herz,ment of neurons from radial glial fibers as well as for
2003), and tyrosine-phosphorylated Dab1 is thought tomigration past predecessor neurons and that both
act as an adaptor protein for the recruitment of variousevents are highly linked to each other. On the other
SH2 domain-containing proteins. Src family tyrosine ki-hand, while 5YF mutant-expressing neurons in the wild-
nases themselves are progressively activated in thetype environment extensively attached to radial glial
presence of Dab1 (Arnaud et al., 2003; Bock and Herz,fibers, just like those in the mutant environment, these
2003), possibly because tyrosine-phosphorylated Dab1neurons did partially migrate past their predecessors,
recruits additional SH2/PTB domain-containing tyrosineunlike those in the mutant environment. This finding
kinases that activate Src family tyrosine kinases. Thesuggests that environmental conditions are also re-
sequence encompassing the tyrosine phosphorylationquired for proper neuronal positioning, which points to
site Tyr220 and Tyr232 nicely fits a consensus motif fora non-cell-autonomous component of Dab1 that is in
the binding of the SH2 domain of Abl, Crk, and NcK,agreement with the observations made in the genetically
which all prefer to bind to the Tyr(PO4)-X-X-Pro motifengineered chimera mice (Hammond et al., 2001; Yang
(Songyang and Cantley, 1995). On the basis of theseet al., 2002). Hence, when the 5YF mutant is introduced
published results, we hypothesize that Tyr220/Tyr232-into the wild-type cortex, it is likely that wild-type prede-
phosphorylated Dab1 may recruit Abl, or its relative Arg,cessors properly detach from radial glial fibers and make
Crk, or NcK, and activate their respective signaling path-space for the ascent of radial fiber-associated incoming
ways in order to transcriptionally repress or degrade 3neurons that express the 5YF mutant. For the scrambler
integrin (and other adhesive molecules) in neurons, asmice, in turn, it implies that early-generated neurons
they migrate closer toward the MZ. Consistent with thisbecome structural obstacles on the radial glial fiber,
idea, Tyr220 and Tyr232 contribute in a phosphorylation-which results in a “log jam,” where later-born radial fiber-
dependent manner to the association of Dab1 with Crkassociated neurons pile up before their predecessors
(Ballif et al., 2004) and Nck	 (Pramatarova et al., 2003).on the radial glial fiber and occupy deeper positions to
On the other hand, Dab1 also binds directly to the 	1form an inverted layered CP.
In addition to the Reelin-Dab1 signaling, the p35/ integrin cytoplasmic tail (Calderwood et al., 2003). The
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DsRed2 expression plasmid (pCAG-DsRed2) was a kind gift of Ta-binding region within 	1 integrin encompasses two Asn-
kahiko Matsuda.Pro-X-Tyr (NPXY, where X denotes any amino acids)
motifs that are thought to be potential motifs for endocy-
Preparation of Acute Brain Slices and Time-Lapsetosis and the targeting to the lysosome (Bansal and
Image Acquisition
Gierasch, 1991; Letourneur and Klausner, 1992). Thus, Time-lapse imaging was performed as described previously (Nadar-
it is conceivable that Tyr220/Tyr232-phosphorylated ajah et al., 2001; Gupta et al., 2003). Cortical slices were selected
from the anterior half of the brain, at the level of the ganglionicDab1 may directly control the turnover rate of 3	1
eminence. Cortical cells in slices were stained with Oregon Greenintegrin through its association with the NPXY motif of
BAPTA-1 488 AM (Molecular Probes) and viewed through a 20
	1 integrin.
objective (NA 0.75) of a Nikon inverted microscope, using 488 nmBesides integrins, Dab1 also interacts with several
excitation and 522/535nm emission filters linked to a Delta Vision
other cell surface proteins, including VLDLR, ApoER, deconvolution-imaging system (Applied Precision) (Gupta et al.,
amyloid precursor protein, and amyloid precursor-like 2003). Images were collected every 20 min using a cooled CCD
camera.proteins (Trommsdorff et al., 1998; Homayouni et al.,
1999; Howell et al., 1999b). Dab1 associates with the
Retrovirus Production and In Utero Injectioncytoplasmic tail of each of these receptors, through an
Retrovirus plasmid was transiently transfected into a packaging cellNPXY motif. These various types of receptors may be
line by using Lipofectamin 2000 (Invitrogen), and the virus superna-clustered into a large complex at the cell surface of the
tant was collected every 6–8 hr from 24 hr to 72 hr after transfection.
migrating neuron, and upon binding of Reelin to VLDLR The collected supernatant was concentrated by ultracentrifugation
and ApoER2, the entire complex may be endocytosed at 100,000 
 g for 3 hr at 4C, and precipitated viral particles were
resuspended with Opti-MEM (Invitrogen). Small aliquots were storedand subsequently degraded (D’Arcangelo et al., 1999).
at 80C until use. The titer of the viral stock was approximatelyIn this regard, it may be possible that the Reelin signal
1 
 108 cfu/ml, which was determined by counting the number ofinduces the tyrosine phosphorylation of Dab1 in the
colonies of GFP-expressing NIH3T3 fibroblasts 48 hr after infection.receptor complex, which could promote the endocyto-
For the in utero retroviral injection, pregnant mice were deeply
sis of the entire complex, including 3	1 integrin, and anesthetized with avertin, after which the uterine horns were care-
lead to a regional reduction of 3	1 integrin levels in fully exposed through a midline abdominal incision to perform in
utero manipulation. The viral solution (1–2 l) containing 200 g/mlthe neocortex.
polybrene and 0.01% fast green as a tracer was injected throughIn conclusion, the present findings link crucial cellular
the uterine wall into the lateral ventricle of the embryos using aprocesses to molecular Dab1 functions. Our identifica-
glass micropipette made from a microcapillary tube. Then, uterinetion of functionally important tyrosine residues of Dab1
horns were placed back into the abdominal cavity, and the abdomi-
and their linkage to integrin-mediated adhesion carries nal wall of the pregnant mouse was sutured. Embryos were har-
the hope to reveal new ways to decipher the complex vested 1–2 days after viral infection. The brains were then excised,
fixed in 4% paraformaldehyde in PBS for 2 hr at 4C, and cryopro-events underlying neuronal migration.
tected in 25% sucrose in PBS overnight. Thereafter, the brains were
embedded in a solution of a 2:1 mixture of 25% sucrose in PBS andExperimental Procedures
OCT compound (Sakura, Tokyo, Japan), frozen by liquid nitrogen
and stored at 80C until use. Thick cryosections (40 m) wereMice
made and examined by immunohistochemistry. For immunostainingScrambler mice (Dab1scm/scm; Jackson Labs) were treated according
with anti-3 integrin antibody, 40 m sections were prepared usingto protocols reviewed and approved by the institutional animal care
the vibratome (Leica).and use committees of Harvard Medical School. The genotypes of
scrambler mice were determined by polymerase chain reaction at
the Dab1scm/scm locus using the microsatelite marker D4MIT31 (In- In Utero Electroporation and RNAi Analysis
DNA solution (1–2 l) in PBS containing 0.01% fast green was in-vitrogen).
jected into the lateral ventricle of the embryos as described for
the retroviral approach. After injection, electroporation (five 50 msPlasmids
square pulses of 30 V with 950 ms intervals) was carried out. 5 g/The plasmid containing the open reading frame (ORF) of mouse
l of DNA were used for the plasmids pCAG-Dab1-IRES-GFP, pCAG-disabled-1 (pcDNA-Dab1HA) was a kind gift of Tom Curran. Tyro-
Dab1(Y220F)-IRES-GFP, and pCAG-Dab1(Y232F)-IRES-GFP. For thesine-to-phenylalanine mutations were generated in pcDNA-Dab1HA
RNAi analysis, 2.5 g/l of pCAG-DsRed2 and 5.0 g/l of RNAiby the Quick change mutagenesis technique (Stratagene), and the
vector were injected, followed by electroporation and the subse-mutant construct was verified by DNA sequencing. For retroviral
quent injection of the viral solution.experiments, the ORFs of wild-type dab1 and mutants were ligated
into the SnaBI site of pMX-IRES-GFP retrovirus plasmid (a kind gift
of Toshio Kitamura, University of Tokyo), which directs dab1 gene Immunohistochemistry
Brain sections were incubated with blocking solution (3% [w/v] BSAexpression from the upstream long terminal repeat promoter and
EGFP expression through the internal ribosomal entry site. For ex- and 0.2% [w/v] Triton X-100 in PBS) for 1 hr at room temperature
and then incubated with primary antibodies diluted in blocking solu-pression of EGFP only, pMX-GFP retrovirus plasmid (a kind gift of
Toshio Kitamura) was used. For electroporation experiments, the tion for 24–48 hr at 4C. Primary antibodies used were anti-GFP
polyclonal antibody (1:1000; Molecular probe), anti-Nestin mono-ORF of wild-type dab1 and mutants were ligated into EcoRI/EcoRV
sites of pCAG-IRES-GFP plasmid (a kind gift of Takahiko Matsuda). clonal antibody (Rat401, 1:500; BD Pharmingen), anti-Tuj1 mono-
clonal antibody (1:500, Covance), anti-calbindin (1:200, Swant), andFor mammalian expression of mouse integrin 3, the ORF of integrin
3 (Kato et al., 2002; a kind gift of Tsutomu Tuji, Hoshi University anti-3 integrin monoclonal antibody (1:100; BD Transduction Labo-
ratory). Sections were washed three times with PBS and incubatedSchool of Pharmacy and Pharmaceutical Sciences) was ligated into
the XhoI site of the pCDNA3 plasmid (Invitrogen). The RNAi vector with secondary antibody that was either a fluorescein-conjugated
goat anti-rabbit IgG (1:400; ICN) or an Alexa568-conjugated goatfor mouse integrin 3 was generated by inserting the annealed oligo-
nucleotides into the pBS/U6 plasmid (Sui et al., 2002; a kind gift of anti-mouse IgG (1:1000; Molecular Probes). After three washes with
PBS, the cell nuclei were stained with Hoechst 33258 (Sigma) andYang Shi), digested with ApaI (blunted) and EcoRI. Oligonucleotides
used were 5-GGCAAGTGCTATGTGCGTGGAAGCTTCCACGCACA mounted for fluorescence microscopy. When the expression pattern
of 3 integrin was analyzed, vibratome sections derived from wild-TAGCACTTGCCCTTTTTG-3 and 5-AATTCAAAAAGGGCAAGTGC
TATGTGCGTGGAAGCTTCCACGCACATAGCACTTGCC-3. The type and scrambler embryos were processed simultaneously for a
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single set of data collection to minimize technical variations through- Cooper, J.A. (2004). Activation of a Dab1/CrkL/C3G/Rap1 pathway
in Reelin-stimulated neurons. Curr. Biol. 14, 606–610.out the immunohistochemical procedures. Finally, immunofluores-
cent images were taken either by using a Zeiss LSM510 confocal Bansal, A., and Gierasch, L.M. (1991). The NPXY internalization sig-
microscope or by using a Nikon inverted microscope linked to a nal of the LDL receptor adopts a reverse-turn conformation. Cell
Delta Vision deconvolution-imaging system (Applied Precision). 67, 1195–1201.
Bock, H.H., and Herz, J. (2003). Reelin activates Src family tyrosine
Immunoblotting kinases in neurons. Curr. Biol. 13, 18–26.
Brains were dissected from E15 embryos, the dorsolateral telen-
Calderwood, D.A., Fujioka, Y., de Pereda, J.M., Garcia-Alvarez, B.,cephalons isolated from the ganglionic eminences, and the menin-
Nakamoto, T., Margolis, B., McGlade, C.J., Liddington, R.C., andges carefully removed. Then, the tissues were homogenized in RIPA
Ginsberge, M.H. (2003). Integrin 	 cytoplasmic domain interactionssolution (PBS with 2 mM EDTA, 0.1% SDS, 1% Triton X-100, 0.5%
with phosphotyrosine-binding domains: a structural prototype fordeoxycholic acid, 500 mM 	-glycerophosphate, 2 mM sodium pyro-
diversity in integrin signaling. Proc. Natl. Acad. Sci. USA 100, 2272–phosphate, 10 mM sodium fluoride, 2 mM sodium vanadate, 1 mM
2277.dithiothreitol, 1 g/ml pepstatin A, 10 g/ml leupeptin, 0.0072 TIU/
Caviness, V.S., Jr. (1982). Neocortical histogenesis in normal andml aprotinin, and 2 mM PMSF). The homogenate was centrifuged
reeler mice: a developmental study based upon [3H]thymidine auto-for 10 min at 16,000 
 g, and the resultant supernatant was mixed
radiography. Brain Res. 256, 293–302.with SDS-PAGE sample solution and subjected to SDS-PAGE. Pro-
teins separated by SDS-polyacrylamide gels (8%) were transferred D’Arcangelo, G., Miao, G.G., Chen, S.C., Soares, H.D., Morgan, J.I.,
to a polyvinylidene difluoride membrane, and the blot was incubated and Curran, T. (1995). A protein related to extracellular matrix pro-
for 1 hr at room temperature with 5% nonfat dry milk in TBS. Immu- teins deleted in the mouse mutant. Nature 374, 719–723.
noblotting were performed with antibodies against 3 integrin D’Arcangelo, G., Homayouni, R., Keshvara, L., Rice, D.S., Sheldon,
(1:200; BD Transduction Laboratory), Dab1 (a kind gift of Dr. Andre M., and Curran, T. (1999). Reelin is a ligand for lipoprotein receptors.
M. Goffinet), actin (1:2000; Sigma), and dynein intermediate chain Neuron 24, 471–479.
(1:1000; SantaCruz Biotechnology).
Dulabon, L., Olson, E.C., Taglienti, M.G., Eisenhuth, S., McGrath,
B., Walsh, C.A., Kreidberg, J.A., and Anton, E.S. (2000). Reelin bindsFunctional Blocking of 3 Integrin in the Acute Cortical Slice
3	1 integrin and inhibits neuronal migration. Neuron 27, 33–44.Individual cortical slices were mounted in collagen in wells of a 24-
Gupta, A., Tsai, L.H., and Wynshaw-Boris, A. (2002). Life is journey:well plate and cultured in Neurobasal media (Invitrogen) containing
a genetic look at neocortical development. Nat. Rev. Genet. 3,1% glutamine, 1% penicillin-streptomycin, 5% fetal bovine serum,
342–355.5% horse serum, N2 supplement and 10 ng/ml basic fibroblast
growth factor (Invitrogen). After 4 hr incubation, anti-3 integrin Gupta, A., Sanada, K., Miyamoto, D.T., Rovelstad, S., Nadarajah,
antibody (Ralph3-1; Developmental Studies Hybridoma Bank) or B., Pearlman, A.L., Brunstrom, J., and Tsai, L.H. (2003). Layering
control monoclonal antibody (anti-glutathione-S-transferase anti- defect in p35 deficiency is linked to improper neuronal-glial interac-
body; Santa Cruz Biotechnology) was added to the media to a final tion in radial migration. Nat. Neurosci. 6, 1284–1291.
concentration of 50 g/ml. After 18 hr incubation at 37C in 5% Hammond, V., Howell, B., Godinho, L., and Tan, S.S. (2001). Dis-
CO2/95% Air, slices were fixed with 4% paraformaldehyde in PBS abled-1 functions cell-autonomously during radial migration and
and processed into thick cryosections (50 m). cortical layering of pyramidal neurons. J. Neurosci. 21, 8798–8808.
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